Tourmaline superfine powders with different particle sizes were prepared by grinding, superfine ball milling, and high-speed centrifugation. The powders were characterized by scanning electron microscopy, X-ray diffraction, dynamic contact angle meter and tensiometry, and Fourier transform infrared spectrometry. The results show that tourmaline powders exhibit improved far infrared emission properties as the particle size decreases. The increased surface free energy and proportion of the polar component are considered to play an important role for their properties. The spontaneous polarization is increased, and the dipole moment of tourmaline is stimulated to a high energy level more easily for the chemical bond vibration, so that the energy is apt to emit by transition. In the range of 2000-500 cm −1 , the emissivity values of the samples with D 50 size of 2.67 m and 0.2 m are 0.973 and 0.991, respectively.
INTRODUCTION
Tourmaline, a crystal mineral of ring-shaped silicate, which includes Al, Na, Ca, Mg, B, H, O, and F, is the general name of the tourmaline group. Its general chemical formula can be written as XY 3 [1] [2] [3] Mineral tourmaline crystallizes in the trigonal system. Its symmetry type is L 3 3P, and its space group is R 3m -C 3 . The threefold axis of symmetry is c, and thus, there is no axis plane of symmetry perpendicular to c and no center of symmetry. 4 Its most important feature is the possession of spontaneous and permanent poles, which can produce an electric dipole. Moreover, tourmaline has many other functions such as emitting far infrared rays and releasing negative ions. It has been widely used in absorbing heavy metal ions, health textiles, air cleaning, environmentally friendly coatings, activating drinking water, sterilization, descaling, and prolonging the service life of water treatment equipment. Hence, it is expected to be a new environmental protection and health material with wide development prospects in the 21st century. 5 6 Tourmaline is generally added to batching of traditional materials with powder form. [7] [8] [9] [10] [11] [12] The smaller the particle * Author to whom correspondence should be addressed.
size and the more homogeneous the particle distribution, the better the properties of tourmaline powders. A complex containing tourmaline with a certain particle size and polypropylene resin had good far infrared emission and negative ion-releasing properties, and it could be used in sterilization, air cleaning, and health textiles. 13 Liu et al. prepared a tourmaline film on a glass substrate with average size of 1 m by the ion-beam deposition technique, and obtained far infrared glass. 14 There have been several reports about the far infrared emission properties of tourmaline with the decrease of particle size. Yang et al. found that the average size of 4.85 m had the highest vertical infrared radiation ratio value of 0.93 in 8-25 m wavelength, higher than that in size of 2.41-2823 m and thought that crystal lacuna was the main reason that tourmaline had strong infrared radiation. 15 Han et al. prepared tourmaline powders with average size of 0.208-22.21 m and found that the far infrared emission properties had little variance for different particle sizes. 16 Based on the study mentioned above, in our present work, the far infrared emission properties of superfine tourmaline powders were studied systematically. This provided an experimental and theoretical basis for the development of high performance tourmaline composite functional materials. 
EXPERIMENTAL DETAILS

Preparation
The tourmaline used here was from western China, and its main components were given in the mass ratio as follows (wt%): SiO The tourmaline superfine powders with different particle sizes were prepared by grinding, superfine ball milling, and high-speed centrifugation. The resulting particle sizes were T1, 2.67; T2, 1.42; T3, 0.98; and T4, 0.2 m.
Characterization
The microstructures of the samples were observed by scanning electron microscopy (SEM, Philips-XL30). The X-ray diffraction (XRD) analysis was performed on a Philips-DMAX-2500 with Cu K radiation. The surface tension of the samples was tested using a DCTA21 dynamic contact angle meter and tensiometer (Dataphysics Company, Germany), which could be used to calculate the surface free energy and components (dispersion, polar) by Wu's equation. The Fourier transform infrared (FTIR) spectra and far infrared emissivity of the samples were obtained on a BRUKER-80V made in Germany.
RESULTS AND DISCUSSION
Microstructures (SEM)
It can be seen from Figure 1 that the granules with smooth breaking sections show irregular prismatic shapes, and link with each other due to the spontaneous polarity of tourmaline. [17] [18] [19] The particles become more homogeneous with decreasing size.
Crystal Structure (XRD)
From Figure 2 , it is found that the diffraction peaks are not displaced, which indicates that the crystal structures of tourmaline powders were not changed. Through calculation, the crystal volume had no change either.
Far-Infrared Spectra (FTIR)
The FTIR spectra of tourmaline powders with different particle size are shown in Figure 3 These far infrared adsorption peaks are broadened with the decrease of particle size. The adsorption peaks of T4 are about 8 cm −1 wider than those of T1 at 983 cm −1 and 1275 cm −1 . This may be attributed to the far infrared diffraction enhanced with the decrease of particle size. Consequently, the opportunities of far infrared rays contacting with tourmaline powders were increased. According to Kirchhoff's Law, at the same temperature, every substance has the same ratio of monochromatic radiant excitation and monochromatic adsorption with corresponding waves. Therefore, the far infrared emission properties of T4 are surely better than those of T1 at these two adsorption apices.
Surface Free Energy and Components
Surface free energy is the total interaction of gravitation and repulsion between phase interfaces, including Van der waals interaction and chemical bonding interaction. It is divided into a dispersive component and a polar component. Table I lists the results of probe liquids and tourmaline powders with different particle sizes. Table II presents their surface free energies and components of the tourmaline powders. It is concluded that the surface free energies and the polar components increase with the decrease of particle size. Figure 4 compares the polar components in the surface free energies of tourmaline powders with different particle size. It is concluded that the polar component is dominant in surface free energies. With the decrease particle size, its polar components increase, as does the possession T2   T1   T3   T4   3563  2922  1633   1275  983  785  708  510 0 1000 2000 3000 4000 Fig. 3 . FTIR spectra of tourmaline powders with different particle size. of spontaneous and permanent poles. This is thanks to the mineral activity and structural aberration stimulated by mechanical stress during the grinding process.
Far Infrared Emission Properties
The far infrared emission properties of the samples are expressed by far-infrared emissivity , which is the ratio of radiation quantity of the samples to that of the blackbody. Figure 5 represents the radiant energy patterns of blackbody and tourmaline powders with different particle size at 120 and 80 C. It can be seen from Figure 5 that the far infrared emission properties of tourmaline are strong in the range of 1200-700 cm −1 , and weak in the range of 2000-1200 cm −1 . The radiant energy significantly increases with the decrease of particle size in the range of 1200-700 cm −1 ; therefore, the radiant energy of T4 is the highest. 
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Radiant energy
Wavenumber (cm -1 ) Figure 6 shows the emissivity patterns of tourmaline powders with different particle size, obtained by calculating the patterns of Figure 5 . From Figure 6 , we can see that the emissivity of most samples increases with the decrease of particle size in the range of 2000-500 cm −1 . However, the emissivity of the 0.98 m sample is lower than others in the range of 1500-500 cm −1 . Table III lists the emissivity of tourmaline powders with different particle size in the range of 2000-500 cm −1 . The results indicate that the emissivity of tourmaline powders increases with the decrease of particle size.
The radiation results from the transition of atoms, molecules, and ion systems in different energy levels. Generally, short wave radiation relates to electronic transition, whereas long wave radiation relates to lattice vibration. The radiation principle of most infrared radiation materials is the change of dipole moment with molecular rotation and vibration. A homonuclear diatomic molecule is a non-dipole molecule because its atoms are symmetrical; while a heteronuclear diatomic molecule is a dipole molecule. It will emit far infrared rays when interacts with infrared radiation fields. Therefore, the dipole moment is absolutely necessary for these molecules to emit far infrared rays. In contrast, whether the polyatomic molecules emit infrared rays depends on the change of the dipole moment, not the presence itself. 21 The inherent dipole, which is so typical of tourmaline, is changed due to the chemical-bond-vibration when given certain energies. There arises the far infrared emission. The increases of surface free energy and proportion of polar component resulted from the decrease of particle size, leading to the increase of spontaneous polarization. The dipole moment of tourmaline is stimulated to high energy levels more easily for the chemical bonds vibration, so that the energy is apt to emit by transition.
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CONCLUSIONS
The far infrared emission properties of tourmaline superfine powders increase with the decrease of tourmaline particle size. The increased surface free energy and proportion of the polar component are considered to play an important role for the properties. The spontaneous polarization is increased, and the dipole moment of tourmaline is stimulated to a high energy level more easily for the chemical bond vibration, so that the energy is apt to emit by transition. In the range of 2000-500 cm −1 , the emissivity values of the samples with D 50 size of 2.67 m and 0.2 m are 0.973 and 0.991, respectively.
